Gravitational Collapse in Gravity's Rainbow by Ali, Ahmed Farag et al.
ar
X
iv
:1
50
6.
02
48
6v
1 
 [g
r-q
c] 
 21
 M
ay
 20
15
Gravitational Collapse in Gravity’s Rainbow
Ahmed Farag Ali1,2, Mir Faizal3, Barun Majumder4,5, Ravi Mistry6
1Department of Physics, Florida State University,
Tallahassee, FL 32306, USA
2Deptartment of Physics, Faculty of Science,
Benha University, Benha, 13518, Egypt
3Department of Physics and Astronomy, University of Waterloo,
Waterloo, Ontario, N2L 3G1, Canada
4Department of Physics, IIT Gandhinagar,
Ahmedabad, 382424, India
5Deptartment of Physics, Montana State University,
Bozeman, MT 59717, USA
6Department of Physics and Electronics, St. Xavier’s College,
Ahmedabad, 380009, India
Abstract
In this paper, we will analyze the gravitational collapse in the framework of gravity’s rainbow. We
will demonstrate that the position of the horizon for a particle inside the black hole depends on the
energy of that particle. It will also be observe that the position of the horizon for a particle falling
radially into the black hole also depends on its energy. Thus, it is possible for a particle coming
from outside to interact with a particle inside the black, and take some information outside the black
hole. This is because for both these particles the position of horizon is different. So, even though the
particle from inside the black hole is in its own horizon, it is not in the horizon of the particle coming
from outside. Thus, we will demonstrate that in gravity’s rainbow information can get out of a black
hole.
The formation of a black hole occurs when a massive star runs out of nuclear fuel and collapses
because of its own gravitational force [1]-[4]. The gravitational collapse causes the formation of an event
horizon, and this prevents the information from getting out of the black hole. However, in course of time
the black hole is expected to evaporate as it emits a thermal radiation called the Hawking radiation.
Thus, we arrive at the information paradox in black holes [5]-[10]. In this paper, we will analyse the
black hole information paradox of black holes in the context of gravity’s rainbow. We will demonstrate
that it is possible for information to get out of a black hole in gravity’s rainbow. It is expected from
almost all approaches to quantum gravity that spacetime has a minimum measurable length [11]-[12].
This minimum length scale is usually taken to be the Planck length Lp The limit on the scale at which
spacetime can be measured can be translated into a limit on the energy of an particle that is being used
to probe this spacetime. This is because if the energy E is required to probe spacetime at a length
scale L, then we require an energy greater than E to probe spacetime at length scale less than L. Now
if spacetime has a minimum measurable length scale Lp, and the energy used to probe spacetime at
this length scale is Ep, then we cannot have an energy more than Ep. The existence of this maximum
energy can be incorporated into a deformed version of special relativity called the doubly special relativity
theory [13]-[15]. It is also possible to generalize this doubly special relativity to curved manifolds and the
resultant theory is called gravity’s rainbow [16]-[17]. It may be noted that various black hole solutions
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have been studied in the framework of gravity’s rainbow [18]-[22]. It has been demonstrated that the
black hole thermodynamics gets modified in gravity’s rainbow.
In gravity rainbow the energy-momentum dispersion relation is modified as
E2f(E/Ep)
2
− p2g(E/Ep)
2 = m2, (1)
where Ep is the Planck energy scale, m is the mass of the test particle. Here the energy dependent
functions f(E/Ep) and g(E/Ep), are the rainbow functions, and they are required to satisfy
lim
E→0
f(E/EP ) = 1, lim
E→0
g(E/EP ) = 1. (2)
Now the energy dependent contribution in the metric can be incorporated by defining
h(E/EP ) = η
abea(E/Ep)⊗ eb(E/Ep), (3)
where e0(E/Ep) = (1/f(E/Ep))e˜0 and ei(E/Ep) = (1/f(E/Ep))e˜i.
There are various choices of phenomenologically motivated Rainbow functions [23]-[32]. The hard
spectra from gamma-ray burster’s at cosmological distances has been used to motivate a certain type of
rainbow functions [33]
f(E) = (eαE/Ep − 1) (αE/Ep)
−1 , g(E) = 1. (4)
It is also possible to choose rainbow functions where the velocity of light is constant are given by [13]
f(E)(1 − λE/Ep)
−1, g(E) = (1− λE/Ep)
−1. (5)
It is also possible to use results from loop quantum gravity and non-commutative geometry to motivate
another type of rainbow functions [34]-[35]
f(E) = 1, g(E) =
√
1− η(E/EP )n. (6)
However, the main property of all these rainbow functions is that they make spacetime energy dependent
and this is what we require for our analysis.
In this paper, we study the gravitational collapse in the framework of Gravity’s Rainbow. So, we will
analyse the modified Einstein field equations for the gravitational field in a given material. By taking
the medium to be dust-like, then we may neglect the pressure. The spherically symmetric line element
in the framework of gravity’s rainbow is given as
ds2 = −
c2dτ2
f2(E)
+
eλ(τ,R)dR2
g2(E)
+
r2(τ, R)dθ2
g2(E)
+
r2(τ, R) sin2 θdφ2
g2(E)
. (7)
The function r(τ, R) is the radius metric. It is noted that the metric above fixes the choice of τ and
allows for arbitrary choice of the radial coordinates R → R′. From the considered metric, it has been
calculated the independent components of Einstein Field equation as follows1 :
g2(E)
f2(E)
[
1
r2
+ e−λ
(
λ′r′
r
−
2r′′
r
−
r′
2
r2
)]
+
r˙λ˙
r
+
r˙2
r2
= 8piGε, (8)
e−λr′
2
−
f2(E)
g2(E)
(
2r¨r + r˙2
)
− 1 = 0, (9)
e−λ
r
(2r′′ − λ′r′)−
f2(E)
g2(E)
(
2r¨
r
+ λ¨+
λ˙2
2
+
r˙λ˙
r
)
= 0 (10)
2r˙′ − λ˙r′ = 0, (11)
1We have used c=1 unit system.
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where the prime represents derivative with respect to R, and the dot with respect to τ .
We will integrate Eq. (11) with respect to time τ , and thus obtain,
eλ =
r′
2
1 + a(R)
, (12)
where a(R) is an arbitrary function such that 1 + a(R) > 0. By substituting Eq. (12) into Eq. (9), we
get
a− 2r¨r
f2(E)
g2(E)
− r˙2
f2(E)
g2(E)
= 0. (13)
By integrating the last equation, we get:
r˙2 =
a(R)g2(E)
f2(E)
+
A(R)
r
, (14)
where A(R) is another arbitrary function. Now from the above equation we can get the value of r,
r =
Af2(E)
2ag2(E)
[cosh η − 1] , for a > 0, (15)
r =
Af2(E)
−2ag2(E)
[1− cos η] , for a < 0, (16)
r =
(9A)1/3
(4)1/3
[τ0(R)− τ ]
2/3
, for a = 0. (17)
Furthermore, the time is given by
τ = ±
∫
dr√
g2(E)a(R)
f2(E) +
A(R)
r
. (18)
So, we can write
τ0(R)− τ =
Af3(E)
2a3/2g3(E)
[sinh η − η] , for a > 0, (19)
τ0(R)− τ =
Af3(E)
2(−a)3/2g3(E)
[η − sin η] , for a < 0, (20)
τ0(R) = 2τ + C1, for a = 0. (21)
Where C1 is a finite integration constant. The important point in this analysis is that the position of
the horizon depends on the energy of particle. So, particles of different energies will see the horizon form
differently in gravity’s rainbow.
Now a similar situation occurs for a particle outside the black hole. Thus, for an particle falling
radially into the black hole with velocity vµ = dxµ/ds, we can write
dv0
ds
= −Γ0µν(E) v
µvν . (22)
Here we have assumed v2 = v3 = 0, as the particle is falling radially into the black hole. The time taken
by the particle to reach the black hole can be calculated from this expression [36]
t = −
2Mf(E)
g(E)
log(r − 2GM)−
(2k2f2(E) + 1)r
2f(E)g(E)k2
+ C2, (23)
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Where C2 is a finite integration constant. Thus, the position of the horizon for a particle outside the
black hole also depends on the energy of the particle.
Now the position of the horizon for the particle inside and outside the black hole depends on the
energy of those particles. Thus, if there are two particles, say P1 and P2, such that P1 is inside the black
hole and P2 is outside the black hole. Now the position of the horizon for both P1 and P2 depends on
the energy of P1 and P2. Let us assume that the particle P1 is inside its horizon, which has formed at a
distance r1. However, it is now possible that the particle P2 has a different value for the horizon which
is at a distance r2, such that r2 < r1. In this case, it is possible for the particle P2 to come close to
the black hole and interact with the particle P1, and leave with information contained in P1. This is
because even though the particle P1 is inside its horizon, the particle P2 is not inside its horizon. Thus,
information can be carried out of the black hole by the particle P2, as the position of the horizon is an
energy dependent concept in gravity’s rainbow. So, in the gravity’s rainbow, information can go out even
after the collapse.
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